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Water immersion experiments and computer simulations of water immersion 
are discussed in this report with regard to their utility as analogs of 
weightlessness. Emphasis is placed on describing and interpreting the renal 
endocrine, fluid, and circulatory changes that take place during immersion. 
Limitations of both experimental and theoretical approaches are discussed. 
Where possible, water immersion is compared to other experimental analogs 
of zero-g. 

It is concluded that water immersion studies are valuable in understand- 
ing the short-term responses to weightlessness that result in the loss of 
body fluids and electrolytes. Furthermore, the Guyton model of circulatory, 
fluid, and electrolyte regulation is capable, not only of accurately simula- 
ting water immersion, but also of providing a means to study specific mech- 
anisms and pathways involved in the immersion response. A number of 
hypotheses are evaluated with the model concerning the effects of dehydration, 
venous pressure disturbances, the control of ADH, and changes in interstitial 
volume. The discussion of mechanisms satisfies, in part, the task of this 
contract concerned with fluid-electrolyte regulation. 
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MATER IMMERSION ANO ITS COMPUTER SIMULATIONS 
AS ANALOGS OF WEIGHTLESSNESS 


ABSTRACT 


Experimental studies and computer simulations of water Immersion are 
summarized and discussed In this report with regard to their utility as 
analogs of weightlessness. Emphasis Is placed on describing and Interpreting 
the renal, endocrine, fluid, and circulatory changes that take place during 
Immersion. A mathematical model, based on current concepts of fluid volume 
regulation. Is shown to be well suited to simulate the dynamic responses to 
water Immersion. Further, It Is shown that such a model provides a means to 
study specific mechanisms and pathways Involved In the immersion response. A 
number of hypotheses are evaluated with the model related to the effects of 
dehydration, venous pressure disturbances, the control of ADH, and changes In 
plasma-interstitial volume. By Inference, It Is suggested that most of the 
model's responses to water Immersion are plausible predictions of the acute 
changes expected, but not yet measured, during space flight. One Important 
prediction of the model Is that previous attempts to measure a diuresis during 
space flight failed because astronauts may have been dehydrated and urine 
samples we"^ pooled over 24-hour periods. It Is suggested that future studies 
should Include the requirements that subjects are well hydrated and that urine 
voids be collected during the first few hours of flight. 




WATER IWERSION AND ITS COMPUTER SIMULATION 
AS ANALOGS OF WEIGHTLESSNESS 

J. I. Leonard 
MATSCO, Houston, TX. 

True weightlessness Is achieved only in space flight, and thus, only in 
circumstances which make the detailed study of its effects difficult or 
impossible. This was true for the manned flights that preceded Skylab, 
because movement in the small space cabins was highly restricted; it was also 
true for the shirt-sleeve research workshop of Skylab where measurements were 
limited by operational constraints. Similar operational ronstraints prevent 
detailed measurements during routine Shuttle flights. Imperfect methods of 
simulation must, therefore, be used, in order to gather data and develop 
hypotheses; bed rest and water immersion have come to be accepted as 
reasonable approximations of the weightless state. This report is concerned 
with an analysis of water immersion in relation to its ability to simulate 
weightlessness. 

An hypothesis guiding the present analysis is that the circulatory, 
renal, and fluid-electrolyte responses to weightlessness are initiated by a 
redistribution of the blood volume; this leads to an engorgement of the 
headward regions of the circulation and a partial emptying of the peripheral 
vessels in the legs. Immersion of the body in water has proved to be an 
excellent means of simulating and examining the details of this condition. In 
addition, water immersion has proved to be a useful tool for studying volume 
homeostasis and renal physiongy in man (Epstein, 1978). It is primarily from 
these invesjfcigations that most of the theories regarding the very early 
effects of zero-g on fluid balance and blood volume control have been 
obtained. No comparable data have been collected during space flight, or, to 
a large extent, during supine bed rest. 
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TK« redistribution of blood during water immersion is mediated primarily by a 
hydrostatic pressure gradient (pressure exerted on body surfaces increases by 
22.4 mm Hg per foot of water depth) acting on the vascular columns of the 
body. This increase in transmural pressure forces blood and other body fluids 
from the lower extremities toward the cephalad region and central venous pool. 

In true weightlessness (i.e., during space flight), no such external forces 
exist. Rather, tha normal elastic forces and muscle tone of the limb tissues 
propel fluids headward in the absence of the pooling effects of gravity. 
Nevertheless, the nature of the fluid redistribution and especially the 
regulatory responses which occur during water imnersion h ve been presumed to 
be similar to those which take place during weightless space flight (Gauer, 
1975). 

In terms of fluid volume regulation, the two most significant responses 
to the blood redistribution resulting from water immersion are an acute 
diuresis and a reduction in the plasma volume. While the plasma volume loss 
is a nearly consistent finding in subjects returning from space missions, the 
expected diuresis has not yet been measured during any flights, tirine voids 
from the Sky lab crew were pooled over a 24-hour period and showed decreased 
urine flow during the first several flight days. One of the challenges of the 
present analysis has been to examine the factors which may have led to this 
possible discrepancy between the expected and observed responses. Toward this 
end, the use of a computer model of the circulatory, fluid and electrolyte 
systems, has proved to be most valuable. 

This study of water immersion will be discussed in terms of: a) a review 
of the overall physiological responses, including a conceptual framework with 
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which to view the Interrelationships between these responses* b) an analysis 
of computer simulations of water Immersion with emphasis on certain factors 
that can alter the- renal response, and c) a discussion of the limitations of 
Immersion techniques as analogs to zero g. 
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1.0 P HYSIOLOGICAL RESPONSES TO WATER IMHERSION POOR QUALITY 

Water Immersion studies whose findings are directly applicable to the 
space- flight program have typically been directed toward studying only one of 
three broad physiological systems Including circulatory control, fluid volume 
regulation, and renal -endocrine responses. The following description 
represents a composite picture of the Immersion response as taken from a 
variety of sources and summarized In several recent reviews (Gauer, 1975; 
Epstein, 1976, 1978; Kolllas et al., 1976). The major physiological pathways 
Involved In producing the diuresis, natrluresis, and reduction In plasma 
volume associated with water Immersion are Illustrated in Figures 1, 2, and H. 
Not all of the mechanisms shown have been conclusively demonstrated In the 
intact, normal. Immersed human subject. However, experimental findings and 
computer simulation studies do support these hypotheses. Typical experimental 
results related to renal, endocrine and hemodynamic changes are shown In Table 
1 and Figures 4, 5, 6, 7, and 9, and are discussed below. 

Circulatory Response 

The primary effect of water Immersion can be characterized by the 
translocation of fluid from the leg {*) to the upper body, primarily the 
Intrathoracic compartment. In addition to the Intravascular movement of 
blood, there also appears to be a significant increment in plasma volume{*) 


* Immersion responses that are starred have been successfully simulated by the 
mathematical model of circulatory, fluid, and electrolyte regulation, these 
will be discussed in Section 2.0 of this report. 
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PATHWAYS A^FECTINB RENAL EXCRETION 
DURING ACUTE WATER IMMERSION 

FIGURE 1 
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PATHWAYS DETERMINING PLASMA VOLUME LOSS 
DURING WATER IMMERSION 


FIGURE 2 


6 



UrilGiivAL fr'. 

OF POOR QUALITY 


POSTULATED EARLY EFFECTS OF SPACE FLIGHT 


ON SUniUM EXCRETION PATHWAYS 



FIGURE 3 


7 








TABLE 1 

EXPERIMENTALLY DETERMINED WATER IMMERSION RESPONSES* 
(MINIMUM OR MAXIMUM VALUES) 


OWO»NAL PAGE ^ 
OP POOR QUALITY 


MEASUREMENT 


Primary Effects; 

Central Blood Volimie 
Heart Volume 
Central Venous Pressure 
Intrathoracic Pressure 
Transmural Pressure 
Plasma Volume 


CHANGE FROM CONTROL 

+700 ml 
+180 ml 

+12 to +18 mrrtig 
+5 mmHg 

+8 to +13 tnmHg 
+ 10 % 


TIME OF MEASUREMENT 
FROM START 


10 min 
<1 hr 

10 min - 3 hr 
<1 hr 
<1 hr 
<30 min 


REFERENCE 

A 

G 

GfA 

G»A 

G.A 

GL 


Secondary Effects : 
Circulation 


Stroke Volume 

+35% 

10 min 

A 

Cardiac Output 

+32% to +14% 

10 min - 4 hr 

A.E 

Total Peripheral 

Resistance 

-30% 

10 min 

A 

Peripheral Venous Tone 

-30% 

3 hr 

G 

Arterial Pressure 

+10 mmHg 

10 min 

A 

Endocrines 

Anti-Diuretic Hormone 

-50% to -88% 

5 - 8 hr 

E.6L 

Renin 

-75% 

6 hr 

E.GL 

Aldosterone 

-70% 

5 hr 

E 

Renal 

Uri> Volume Rate 

+500% 

1 - 3 hr 

6,E 

Soo ... ..xcretlon Rate 

+50 to 125% 

3 - 5 hr 

G.F 

Potassium Excretion Rate 

+30% 

2 hr 

E 

/olume 

Plasma Volume 

in 

1 

0 

O 

1 

5 - 8 hr 

G.GL 

Total Body Water 

-1.5 11ters/8 hrs 

8 hr 

G 


♦This table taken In part from 
Gauer (1975). 


** 


A “ Arborellus & co-workers 
E = Epstein & co-workers 
G » Gauer & co-workers 
GL ■ Greenleaf i co-workers 
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PERCENT CHANGES OF PLASMA VOLUME DURING WATER IMMERSION 

(A COMPOSITE OF TEN STUDIES: DERIVED FROM GREENLEAF ET AL, 1980) 


FIGURE 4 
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HEMODYNAMIC CHANGES DURING WATER IMMERSION 

FIGURE 5 
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(Fig. 4) (teiMnstrattd also by a translmt doeroato In boMatocMt (*; soc 
henoglobln concentration. Fig. S). The augmnted glasM voIum anst likely 
results from Interstitial leg fluid being forced, by external MSter (Nressure, 
Into the leg capillaries. Increases In central blood voluee, tMart voliaae, 
and blood pressures (F1g« 5 and 9) In the antral veins and pulnonary vessels 
have all been observed accompanying these fluid shifts (Arborellus et a1., 
1972). 

Secondary cardiac effects. Including Increases In stroke vo1ume(*), 
cardiac outfHit (*), and decreases In heart rate (*), can be expected from this 
autotransfusion into the i^iper body. Autonomic reflexes are irobably 
resp<Mts1b1e for the observed decreases In total resistance (*) and venous time 
of the peripheral circulation (Echt et a1., 1974). These responses have been 
observed to reach their full magnitude within the first 10-15 minutes of 
Immersion (Fig. 9). 

Renal Response 

Ml thin the first hour, there Is a dramatic rise In urine excretion of 
extracellular fluid (*) ami salts (*) (the latter consisting primarily of 
sodium), which may continue for several hours before subsiding toward normal 
(Fig. 6). The urine formed Is relatively dilute, demonstrating a free-water 
rather than an osmotic diuresis. In many studies, the peak urine flow occurs 
within the first few hours, while the natrluresis may reach a maximum somewhat 
later. This suggests Independent mechanisms mediating renal water and sodium 
handling (Epstein, 1978). Potassium excretion Is more variable than that of 
either water or The ratio of sodium to potasslim In the urine 

Increases, and this has been related to the opposite effects of aldosterone on 
tl^ renal control of the-c two electrolytes. 
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Renal Hechanlswi: tteural. Endocrine. Hetaodynawlc 

There are numerous laechanlsns available which can potentially contribute 
to the diuresis and natrluresis of water lamerslon. These Include hemodynamic 
factors assKlated with tlw Increase In central blood pressure, aut(mom1c 
factors resulting from stlmilatlon of the card1(K>u1monary Mchanoreceptors, 
and biochemical factors stmmilng from the release of the endocrlrm which 
regulate renal excretion (see Figs. 1 and 3). Although there Is no clear 
agreement on «di1ch mechanisms prectemlnate, all of these pathways appear to be 
responding to a central volume overload mid lead to reflex compensat1(Hi by 
reducing the volume of circulating blood (Figure 2). 

The following neural -endocrine factors have be«i observed or proposed as 
possible mechanisms, all of which are a direct result of Increased central 
blood volume mid stimulation of cardlopulsKHiary receptors (see Figs. 1 and 3): 
a) suppressed ADH (*), b) Increased prostaglandins (which normally Inhibit 
tlw action of MIH), c) diminished sympathetic activity (*), d) suppression of 
the renin-anglotensin-aldosterone triad (*), and e) release of a humoral 
natriuretic factor (*) which has not yet been Identified. In a recent review 
of the renal effects of Immersion, Epstein (1978) suggested that the Immersiwi 
diuresis Is controlled by the first three factors (In the order of Importance 
as shown), while natrluresis Is under the regulation of ranked Items (d), (b), 
(c), and (e). Some of the Important hormonal changes that have been observed 
are Illustrated In Figure 7. 

In addition, hemodynamic effects arising from upper body blood expanslm 
exist which are known to elicit Increased renal fluid excretion. Tlwse 
Include Increased renal plasma flow (I.e., a (w^ssure diuresis (*), 


13 



ommwLPMmm 

OF POOR QUALITY 




0 1 2 3 4 5 6 

Time from Irmnersloti, Ir 



14 




Intrartfial flow nHlIstrlbutlon, md altarad ranal parltubular forcas (LaiMard 
at a1.» 1977, and Vandar, 1^). Evltenea for a c<mtr1but1on of ranal 
bamodynamlc Inflyancas, Nowavar, Is not strong (Epstain, 1976). 

Fluid Voljiia Rasponsa 

Tha net rasult of thasa avants. In tanas of body fluid voluma. Is a 
raductlon In axtracallular fluids (*). Approxlaiataly 20-25 f^rcmt of tiM 
total fluid loss from the body Is derived from plasma (*). This proportlm Is 
expected Inasauch as tha normal ratio of plasma/intarstitlal fluid Is 
aiH>rox1mate1y 1:4. Tha Increase In plasma voluaa at the onset of laamrslon, 
fliantlonad earlier. Is therefore followed by a gradual declira of plasma volume 
below control as various volume- regulator mechanisms reverse the engorgemimt 
of the Intrathoracic compartment. 

The plasma volume reduction following 1-2 hours of water Immersion 
(Fig. 4) may be a result of two independmt effects: a) a diuresis of 
primarily extracellular fluid, and b) movement of fluid from the Intravascular 
compartment Into the Interstitium of the upper body due to normal 
transcaplllary filtration (♦). The latter of these effects has been difficult 
to quantitate because It Is not presently possible to distinguish between the 
decreased Interstitial volume loss In tlw lower limbs and any Increased 
Interstitial volume In the upper body (see Fig. 2). Also, as will be 
discussed In the next section, the Increase In blood pressure which favors 
transcaplllary filtration Is opposed by an Increase in colloidal osmotic 
pressure which develops as plasma Is lost from the circulation. 
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The above characterization of the Imaerslon response Is based on studies 
of Mell hydrated and otherwise normal subjects. It Is known that the state of 
dehydration Is an Important determinant of the renal res|K>nse, the fluid 
distribution, and the ultimate loss of body water during Immersion (GaMr, 
1975). Tlie relative Increase In urine excretion of water (Immersion response 
vs. pre- Immersion response) is not significantly different between normal and 
dehydrated subjects who have been subjected to overnight fasting (Behn et a1., 
1969). However, compared to the Immersion response In well hydrated subjects, 
the absolute quantity of urine flow Is blunted and the peak diuresis Is 
delayed In <tehydrat1on, although the natrluresis resiwmse Is unaffected 
(Epstein, 1978; see Fig. 6). An attenuation In the natrluresis response does 
-occur, however. If dietary sodium Is reduced. In addition, compared to a well 
hydrated state, a dehydrated state apiwars to favor a much smaller 
contribution from the Interstitial volume and a larger contribution from the 
plasma volume toward the total fluid loss. Plasma volume reduction. In 
dehydration, may be achieved not only by renal excretion, but also by outward 
filtration Into a previously dehydrated Interstltlum (Behn et al., 1969). 

Orthostatic Tolerance 

Tolerance for orthostasis (as determined by lower body negative pressure 
and tilt table studies), and for exercise to a lesser extent, frequently has 
been found to diminish after water Immersion tests (Kolllas et al., 1976). 

This phenomenon Is of Importance to the health and safety of crews who have 
experienced problems with orthostasis upon return from space flight. Most 
Investigators agree that the reduction In blood volume resulting from 
Immersion Is at least partially responsible for orthostatic Intolerance, which 
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Is ctiaractsri ztd by an Incraast In Naart rata, a dacraasa In pulta prttsura, 
and a tandancy toward syncopa. Howavar, dacraasad syapatfiatlc activity (as 
noted by reduced catacbolaialnas) and reduced venous ^e have also been 
recorded durli^ Imerslon and have been liapllcated as contributing to greater 
venous leg pooling ti^n post-lfwierslon standing. 
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2.0 cmmik MODEL SIWIATIOWS 


Tht moOlfltd model of Quyton (lee i^ppofMlIx) Mf mplojwd to study the 
theoretical response of the circulatory, renal, endocrine, and fluid volume 
regulating systems under conditions of a simulated water Immersion experiment. 

The simulated dynamic respmtses to six hours Immersion are shown In Figure 0 
for selected quantities uhlch have a knoun behavior. Agreeawnt between the 
observed and simulated res|K»ises are quite reasonable as suggested by 
comparable data In Figures 4. 5. 6. and 7. 

Simulations of Immersion were performed by forcing fluids from the 
Intravascular (500 ml) and Interstitial (500 ml) leg compartments. The 
subsequent fluid redistribution In the upper body of the iwdel was «cam1ned. 
ho data exist to confirm whether these assumed headward fluid volume shifts 
during Immersion are quantitatively realistic, but leg volume decrements 
totaling at least one liter have been recorded during orthostatic maneuvers 
from the erect to supine fwsltlons. This fluid shift consists off an acute 
600 ml Intravascular blood shift and a slower (30 min) 500 ml extravascular 
filtrate shift (Plemme. 1^; Henry. 1955). Furthermore. It has been shown 
that central blood volume Increases by 700 ml Immediately following Immersion 
(Arborellus et a1.. 1972). The realistic behavior of the simulation response 
(with certain exceptions that are discussed below) attests to the basic 
validity of the moctel and the manner In which the controlling mechanisms are 
represented. 

The fidelity of the model's hemodynmelc response to a short-term (10 
minute) Imserslon Is Indicated In Figure 9. A superior response was (Stained 
by removing the short-term autoregulatory fimctlon of the model. This 


18 


0 


CHANGES m 

LE6V0UIME, 

LITERS 


HEMATOCRIT, 
VOL. % 


PLASMA VOLUME, 
LITERS 


CARDIAC 

OUTPUT, 

LITERSAIIN 

BLOOD 
PRESSURE 
(% NORMAL) 

UPPER BODY 
INTERSTITIAL 


URINE VOLUME, 
MiyMIN 


SODIUM 

EXCRETION, 

MEQ/MIN 


ANGIOTENSIN, 
X NORMAL 


ALDOSTERONE, 
X NORMAL 


AOH 

X NORMAL 


TOTAL BODY 

WATER, 

LITERS 


100 I 


1 


1.1 1 

.7 


ORlQiNAL PAGE IE 
OF POOR QUALITY 




CENTRAL VENOUS^’ 
J I L. 



» « 



\. 



COMPUTER SMULATHHI OF WATER IMMERSION 

FIGURE S 
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function MS originally Inttndnd to panalt arttrloUr rtti stance eleawntt to 
ret|)ond to strart-tenR local prestufe-flow dlstuftoncM. The increase In right 
atrial pressure observed In the hua»n subject Is not reproduced In the 
slnHilatlw). An Inprovenent In the right atrial rasponM, In particular, and 
In the isnerslon simulation. In (^eral , may be Kcompllshed by Introducing a 
transthoracic pressure gradient In the region of the heart, which In Inmerslon 
to the neck has been estimated as 20 cm H20 (begin et a1., 1976). Aside from 
this discrepancy, the slimjlatlon of this very short-term resp<uise mutt be 
c<nis1dered reasonable, especially since the circulatory, fluid, and 
electrolyte imdel ms designed primarily to describe l<mg-term events. 

Although It Is always desirable to obtain simulations which are In 
agreement with experimental data, the real value of a mathematical model lies 
In Its ability to provide Insight Into the dynmalc behavior of the system when 
there are multiple, redundant, and Interrelated control pathways. A validated 
model can provide a theoretical framework by which to test hypotheses, analyxe 
the mechanisms which contribute toward a given resp(mse, and Identify areas 
which are ripe for «cper1mental study. All of these benefits were realized to 
some extent In the present study, as the following discussion will demon- 
strate. In particular, four asii^cts of water Immersion were given special 
attention. These Include the effects of dehydration, the dynamic behavior of 
venous pressure, tlw dual control of AON, and the Isgwrtance of plamaa-lnter- 
stitlal fluid shifts. They will be discussed below In this order. 

Effects of Dehydration 

Inasmuch as (^hydration due to water restriction has been found to 
attenuate the Immersion diuresis (Fig. 6), It Is natural to C(wis1(ter whether 
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this ph t n owt n t could txplalR tho abstoco of a nMturad dluratlt durlnf tlw 
ftrst day of tpKa fYlglit. Tha affactt of daHydratlon durlns tha fMnartlim 
manauvar wara, tharafora, studlad by conputar ilnulatlofi. Soma of tba ratuUt 
of thasa analyaat ara tbown In Figura 10 and Tabla 2. Intaka of fluid was 
assunad to ba altbar nomal or laro for tba 24 hours pracadlng, and 24 hours 
during, iMiarslon. During tha first six-hour parlod of iNMarslon, tha urina 
voluMa rasponsa m% pradictad to ba slnllar for nomal and raducad Intaka 
(Fig. 10). Hoifavar, Incraaslngly significant diffarancas b a tw a an thasa t««o 
casas wera obsarvad for aach succeeding six-hour parlod. As a result, tha 
ciinulativa losses of body water (taken as tha balance b e tw ee n renal excretion 
and drinking) were nearly twice as great fOr the dehydrated case as the 
nomally hydrated case at the end of 24 hours. Adnlttedly, the use of zero 
fluid Intake for simulating dehydration Is extreme. However, it should be 
noted that fluid Intake for some of tlw Skylab cre wmemb ers tMS reduced as lm« 
as 60 percent below nomal on the first Inflight day (Leonard, 1977). 

These studies generally confirmed the experlmMtal results established by 
Sauer and co-workers (Behn et al., 1969; Sauer, 1975) with regard to the 
effects of dehydration on renal excretion and plasma volume regulation during 
water lamerslon (see Table 2). Specifically, a) during dehydratliwi the 
absolute Increase In water and sodium excretion 1$ smaller (compared to nomal 
Immersion controls) and ^ percent urine Increase Is larger (compart to 
pre-lmnerslon controls); b) Imnerslon Is characterized by a lar^r decrease In 
free water clearance In the dehydratml stdijects compared to the hydrated 
subjects; c) the absolute decrease In plasma volume Is mre severe In hydrated 
subjects; and d) the contribution of plasma voluae to excess urine volume 
excreted during lamerslon Is greater for the dehydrated subjects than for the 
hydrated subjects. 22 
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Disturbtficts In utter Intake are often acconpanled by changes In salt 
intake. It was, tterefore, of Interest to exanlne the effects of sltNiUaneous 
water wd salt disturbances using caaputer slanilatlon. A sliaulatlon study ms 
desIgMd to alter the dietary Intake of both Mter and sodlun and measure tto 
urinary flow response over a 4S-hour period. This time span IncItMled a 
24- hour pre-immersion control period and a subsequent 24-hour Immersion 
period. The results of this study are Illustrated In Figure 11. Hn the left 
side are three ^rles of bar graphs showing absolute urine volume. From top 
to bottom, these series r^iresent twice, normal, and half-m^rmal sodliM 
Intake, resf^tlvely. Within each series, water Intake ms allowed to vary 
between 0.25 of normal mad 1.25 of normal. The blank bars represent the 
absolute urine volume excreted durlr^ the control period. The adjacent 
hatciwd bar Indicates the immersion response during the subsequent period 
using the sane dietary regime as the contrdl. The three curves m the right 
side of Figure 11 are derived from the bar graphs and represent the relative 
change betMen each control and Immersion set of urine responses. 

As expected, the absolute levels of urine flow decreases both during 
control and Immersion as water Intake decreases (see left side. Figure 11). 
Urine flow also decreases with reduced sodium ^ntake, but the effect Is much 
smaller than tiMt due to changes In dietary water. In all cases studied, the 
urine flow during Immersion Increased In relation to Its pre-immersion diet 
cmitrol; i.e., ttere was a relative diuresis. However, the degree of relative 
Increase (shown on the right side of Figure 11) varied depending on the Intake 
of water and salt. For example. If sodium Intake is much lower than normal 
(uf^r curve or. right) the relative diuresis actually Increases when water 
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A) CONTROL AND IMMERSION URINE VOLUMES 














Intake Is cHaInftked. Neiiiv«*» tNe relatlee urine dienfe during iMMrslon net 
apparently Insensitive to changes In i«ater Intake when sodliai Intake ms 
normal (middle ci^e on rlgkt). 

How accurate are these model predictions? There have been no luviersion 
studies performed which specifically atteiiH>ted to measure the graded effects 
of simultaneous dietary later md salt disturbances on the IhmtsIoo diuresis. 
However, by combining the results of several different studies It Is fwssible 
to verify each of the ^nerallzatlms discussed In the above paragraph. 
Specifically* the trader Is referred to the Immersion studies where subjects 
tmderwent overnight food «id water restriction (Epstein, Pins, «id Hiller, 
1975), normal and below normal water Intake (helm et a1., 1%9), normal sodium 
Intake (Epstein, Katsikas, and Duncan, 1973), and 1/10 normal sodium intake 
(Epstein and Saruta, 1971). 

Taken as a whole, these simulation studies on the effects of di^ydratlon 
surest that the relative proportions of water and salt In the diet could have 
a significant modifying effect on both the absolute, and especially, the 
relative diuresis foivid during water Immersion. Although the nKKiel predicts 
that a relative diuresis will always be found Irrespective of the water and 
salt load. It Is possible to attenuate the Imnersltwi diuresis, by limiting 
water and salt In the diet, to extent that It becomes less than a 
non-lmmersed CMtrol urine flow tdilch Is accompanied by a greater dietary 
Intake. Therefore, It Is possible that a diuresis which may be evident during 
tlw first few hours of Immersion (or In space flight) could become (Ascured In 
a 24*lK>ur pooled urine SMple. 
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Chawqts In Vtiout Prtttyrt 

A knoMltdgt of tim prtssuros in tilt low prtstort side of tNe clrcuUtloe 
(1.0.. tho central veins, the heart atria, and the pulmonary circuit) Is of 
utnrast Importance In situations such as water Immersicwi. head-d<Mn tilt, and 
weightlessness. The rise In these pressures accompanying headward fluid 
shifts reflects the magnitude of central l^^rvolemla (more so than pressures 
in the arteries) • the degree of cardlopulmwiary receptor stlmilatlon which 
affects sympatitttic mid endocrine activity, and ultimately, the extent of 
homeostatic correction of the pressure disturbance by either volume reductiwi 
or Increased vascular capacitance. In spite of the Importance of this 
measurement. It Is surprlslr^ that there Is such a scarcity of data reflecting 
changes In the pressure of the venous circulation. 

Two groups of workers (Arborellus et al.. 1972; Echt et a1.. 1974) found 
a dramatic rise of 12>15 mm In transmural central vcuious |w*e$sure at the 
onset of water Immersion (Figs. 5 and 9). Following this Initial Increase 
there appears to be a slight, steady decline during the next three hours, the 
longest time for idilch venous pressure measurements are known In Immersion. 
However, even after three hours, central venous pressure was considerably 
elevated. While a rise In venous pressure is In accord with the fluid-shift 
hypothesis presented earlier (see Fig. 1). the magnitude of this rise, and Its 
dynamic behavior. Is unexpected. According to an analysis of cardiac 
regulation performed by Quyton et al. (1973), an Intravenous Infusion of one 
liter of blood (similar to the 700 ml increase In central blood expansion 
measured In Immersion) causes an Instantaneous rise In central venous pressure 
similar to that n«asured In Immersliwi. However, compensating mechaniMis 
(e.g., reduced sympathetic activity, reduced resistance to venous return. 
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strtts rtUxatiM and blood nerMlIxatloo) pomlt tiM tMNWus prostor^ 

to roturn to ftornal wftMn an tiovf or so. lo addition, cardiac otitovt 
following Infusion risas s^b «ora sharply ttian maasurad during iNMrsIm, 
then It also returns to noreal. This 1$ In contrast to the sustained Increase 
during Inversion of both cardiac output and venous pressure. 

Other studies In which Iwadward fluid shifts weie Induced were reviewed 
to help Interpret the water InMrsI on* venous pressure response. 

IMfortunately, no c<nis1 stent story has merged. In partial support of the 
Imerslon results are the findings fron measurmmts of lower b«1y positive 
pressure In oonkeys (Kass et a1., 1^) and In huRans (Echt et a1., U74b). 
Ihese results Indicate an Increase In central venous pressure that Is 
mlntalned for several hours and possibly even several days (Moore-Ede, 
private ccmuxiI cation). However, In head-down tilt studies lasting up to 24 
hours In Rian (Gamr S Ihill, 1954; Nixon et al., 1979), or up to 7 days In rats 
(Popovic, 1981), central venous pressure rises as expected, hut In contrast to 
water Imerslon and lower body positive pressure findings, venous pressure 
(and cardiac output) then falls to control and, in soee cases, below control. 
The possibility of venous pressure diminishing below control levels Is of 
particular Interest, because such a prediction was suggested from computer 
model simulations of bed rest some time ago (Fitxjerrell et al., 1975) and 
received cwiflrmatlm by indirect pressure measurements during Soviet space 
missions (Yuganov et al., 1977). In addition to these <rt>servat1ons regarding 
the dynmlc behavior of venous pressure changes. It Is also of Interest to 
note that In none of tfm studies cited above do venous pressure measuremnts 
Indicate Increases of more than 3-5 mm Hg, In contrast to tlw Increases of 
12-15 mm Hg observed In water Immersion. Computer model simulations support 
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ttw cofictpt of a walltr c^fi 9 t In vtnovs ^tturt iHtk an avmtual daellnt 
btlow cmtrol (i^ch occurs bayomt ttw fiva hours stamn In Ftg. II) as rafYax 
eonpansatlon of vascular voluna. capacltanca, rasistanca, and flow takas 
placa. 


Thus, on tha surface. It ai^ars that the v«ious (rassura rasponsa to 
water laaerslon Is »<s«idiat different than that observed for Infusions, 
head-down tilt, and hypociravic nanauvars. It Is possible that tha central 
shift of fluids during limarslon Is large enough to causa fm^h more severe 
Increases In central venous pressure than occur with other stresses. However, 
neasurenents of the volumes of fluids shifted during these events are poorly 
docummted. It Is also possible ttwit In water Iraaerslon to the chin, the ?0 
cm H 2 O pressure exerted on the thoracic region Is transmitted directly to the 
venous circulation «nd exaggerates the iressure response, altfwugh this Is not 
likely. With regard to the dynamic behavior of veiK>us pressure. It Is 
possible that a return to normal pressure does occur within 10 hours of 
iMMrslon (as suggested by the slow decline In measured central venous 
pressure and by the simulation model), but the necessary extended measurements 
have not yet been made. If that * the case, then the concept that all 
maneuvers that Increase central blooo volume (I.e., water Immersion, lower 
body positive pressure, head-down tilt, supine bed rest. Infusions, 
weightlessness) sl»w a (pjalltatively similar reflex response becomes more 
tenable. 

Control of ADH 

Several Investigators (Epstein et al., 1975; ^eenleaf et al., 19110) have 
now documented the reduction In antidiuretic hormone (AOH) during Mter 
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iMMfsIon that m% pradlctad tone years ago by Gayer and Henry (1963). 

HMieyer. the faetore nhlch lead to the suppression of AOH srt apparently still 
unclear. MW Is knoun to be responsive to two anjor types of control: volune 
control and osno-control . Thus, Inhibition of ADH can be expected In 
situations where central blood volume or pressure Increases and where plasma 
osiolarlty decreaMS. Inasmuch as one of the najor characteristics of water 
liMierslon (and Indeed all maneuvers which lead to headward fluid shifts) Is 
the rapid Increase In central venous volume. It would be expected, and Is 
g^rally believed, that this pathway (I.e., Henry>6auer reflex) Is 
responsible for the measured reduction In AhH. However, several recent papers 
have migrated the Importance of osiw)-contro1 of AOH during Immersion 
(Greenleaf et a1., 1981, Khosla and OuBols, 1979), underscoring the fact that 
this Issue Is not yet resolved. 

The source of confusion In this Instance may be stmmarized by the 
following evidence: a) Increases In central venous volume and pressure during 
Immersion have been measured and are believed to be sufficiently strong to 
suppress AlW (Gauer et al., 1970; Echt et al., 1974); b) several Investigators 
have reported ^all but significant decreases In serum osmolarlty and sodium 
concentration during immersion idtlch could quantitatively account for the 
accompanying decreases In MW (Greenleaf et al., 1^1; Khosla and huBols, 

1979; Epstein et al., 1975); and c) despite the popularity of the Henry*Gauer 
reflex (which favors volume control of MW) In the space life science 
commimity (Leach A Rambaut, 1977), more recent evidence has strongly suggested 
that blood volume changes are much less Important than osmolarlty In 
controlling AOH under physiologic conditions (Robertson, 1977). with regard 
to the last factor. It has been shown that AOH has a sensitive linear 
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dtpendency on plasiM osmolarlty. «fh11t the corresponding sensitivity on blood 
volone Is highly non-11ne*rt showing little InfliMnce at mall voluMe changes 
and a larger Influence (larger than the sensitivity to osaolarlty) at volume 

changes of about 15-20 percent of total blood volume (Dunn et al.. 1973). It 

Is Important to note, houever, that these measurea^ts were not performed In 
humans. Furthermore, only the Influences of l<n« pressure and Increased 

osmolarlty on Increases of /MM have been studied, and not the reverse 

situations leading to /M)H suppression which 1$ of prime Interest In the 
Immersion and acute weightlessness responses. 

The mathematical model contains an AOH subsystem which Is responsive to 
both plasma sodium concentrations and atrial pressure changes (see Fig. 12). 
In addition, there Is a time-adaptive aspect to volume control contained in 
tlw model, whereby pressure changes. If maintained, exert a smaller and 
smaller Influence on ADH. This Is consistent with the concept that voIwm 
receptor tissues are elastic and adapt to changing pressures within reasonable 
periods of time (I.e., 24-48 hours) (Guyton et al., 1975). It Is possible to 
vary the relative sensitivities of ADH to pressure and osmolarlty, as well as 
the time period of adaptation. Therefore, this model becomes a useful tool 
for examining the AOH response to Immersion when fluid volumes and 
electrolytes are In a highly dynamic state of flux. Using this model to 
simulate water Immersion, our simulation results agree with the experimental 
findings that voluae chants In the central circulation can Instantaneously 
Increase by about 7l') ml (Arborellus et al., 1972), and that plasma sodium 
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FIGURE 12 
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conctntratlon can daertata by tuo pareant (Graanlaaf at a1., IMl). nur modal 

predicts that both of these chaf^ias are foimd to ha sufficient stimuli for tiM 
* 

suppression of ADH . 


Inasmuch as the long-term dynamic behavior of venous fressura Is not yet 
resolved, we have examined several different scenarios In order to predict 
potential effects on AHH. The results of these studies are Illustrated In 
Figure 13. In all casM. It was assumed that hypernatremia develops upon 
Immersion and that this has a suppressive effect on AHH. In addition, 
hoiraver, there Is a venous pressure effect. It Is assim^ that vaiMus 
pressure In one case remains elevated according to the predicticms of Gauer 
and co-workers, or In another case returns to normal and perhaps below control 
according to the head-down tilt measurements of Blomqvist and co-workers. Hie 
conditions of volume receptor adaptation or no adaptation were also examined. 
In three of the five runs shown, ADH is predicted to remain below control 
throughout the simulated 24-hour period (longer than has been measured In 
water Immersion) due to the effects of hy|M>natrem1a , elevated venous pressure, 
or pressure receptor adaptation. However, In two cases. It has (wen found 
that Alhl could recover and possibly rise above control. This can occur In the 
situation v4iere venous pressures fall and idiere the pressure/volume stimulus 
1$ controlling ADH (l.e., no receptor adaptation). If, In this same 


* The cause of the reduction In plasma o^larlty (l.e., hyponatremia) foiaid 
In some studies of water Immersion, as well as b^ rest and space flight. Is 
not known. It Is not yet clear whether this Is a characteristic typical of 
the prolonged hypMravIc response. In our modeling studies, hyponatremia Is 
produced as a result of a renal natriuretic i^ent. However, several 
Investigators have hypothesized that during the acute stress of Immersion 
there may be an Influx of hypo>osmot1c Interstitial (and perhaps 
Intracellular) fluid from the legs to the circulation (Greenleaf et al., 
1.981; niosla and DuBols, 1979). 
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sItiMtIOA, voImm rictptOi' ideation occurs, but It atlajftd, ttw nodtl 
prtdlctf a trl-tbittc rttpontt* In tMs Uttar r at p o w t a, ADK first dUUUHat 
(undar both ^’'istttra and o«ao- control), than ritat (itndar tbe cr>ntro1 of a 
falling vanout gratsura) and, finally, falls balow control at mIum racaptor 
adaptation occurs and osmotic stimuli taka ovar ragulatlon cf AON. Tbit 
analysis suggasts tba Importanea of making caraful maatu r ama nt t of blood 
prastura, tarum otmolarlty, AON, and voluma tbiftt during watar Immartlon or 
tpaca flight to distinguish b a t waa n thasa sa¥ara1 altamativa tcanarlot. 

Chanoas In Intarstitlal Volimia 

Tha raductlon In plasma voluma fbl lowing Immarslon has baan suggastad to 
(^ur, iK)t only via r^al axcratlon, but alto by outward filtration Into tha 
Intarstltlua of tha i^par body (fiauer, 1975). It was possibla, using 
cominitar simulation, to distinguish batwaan deplatlon of tha lowar Usd) 
Intarstltlim and axpantlon of the i^par body Intarstltlim, an analysis which 
would ba MparlMntally difficult. Tha results ware somatdiat surprising. 

If wia considers tha first four hours of lamer si on, a period during which 
plasaa voluma may fH)t ba significantly changing (Graanlaaf at al., 1951), It 
It possibla to compute tha dacllna In body water and tha contribution to this 
lost from tha plasma and Interstitial compartments. Tha results from tha 
computer modal and from one Immersion axparlmant (firaanlaaf at al., 1961) are 
shown In Table 3. 
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TMU 3 
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COUmnUTION of plasma and iiiteiistitial volumes 

TO M»T WATEA LOSS OURINO 4 NOUAS IMNEASIOA 



Exoarlnant 

Modal 

PUSMA VOLIM 

. 75 Ml (15S) 

- 123 ml (155) 

VNTEASTITIAL VOLUME 



Uppar Sody 


- 194 ml (255) 

Lowar Liam 

- 

- 473 ml (595) 

Total 

- 425 Ml (055) 

- 667 ml (045) 

TOTAL BOOT MATEA 

• 500 Ml (lOOX) 

. 790 ml (1005) 


* ExperluKfital data dtrl vtd fron Graanltaf at a1., 1901 
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A1 though tht abtol utt val utt of fluid lotstt dtrlvod tKntflaitntilly art not 
lOtntIcal to tliOM proOletod by ttM iiodtl, tlw poreontagt contributions of 
plasma and total Intorstltlal yolunH to total body uittr lossts aru qulto 
similar to tlit obsorvod valuos. Also, tbt txptrlmtntal data and tbt 
simulation rtsponsts Indicate that substantial amounts of utter art roioutd 
from tht Interstitial fluid btfort plasma volumt Is largtiy afftcttd. 
Furthtrmort, uhllt tht modtl pr^lcts that most of tht Interstitial fluid lots 
originates from tht loutr limbs as mcptcttd, a significant fraction of fluid 
<25% of tht total body water lost) Is dtrivtd from tht tUH>tr body Interstitial 
fluid. This apptart paradoxical In tht ttnst ttet It It normally btlitvtd 
that plasma Is filtered Into ttmto tissues thtro It a net gain of tIstM 
fluid (In tht upper body) at the «cptnst of plasma volumt. However, while the 
modtl Indicates that outward filtration Into tissues dots occur (set "upper 
body interstitial fluid* Figure 8), It Is limited In time (about 2 hours) and 
In magnitude (about 300 ml). Also, the process quickly reverses because of 
Increaswl plasma colloidal concentration as plasma Is filtered through ths 
renal tubules «id the upper body capillaries. The model ftirther p/tOlcts ttet 
If IniMrslon were to continue beyond four hours, the uiH>er body Interstitial 
fluid would exhibit a net depletion of nearly the smae volume lost from the 
leg tissues (abcHit 500 ml), but would return to normal within 48 hours. 

The concept that plasma shIHs Into the Interstitium are self-limiting 
and even reversible due to the colloidal concentrating ability of 
transcaplllary filtration has not previously been seriously considered In 
relationship to blood volume control during weightlessness. However, It Is 
well tafumm that the Alllty of plasma colloids to limit outwird filtration Is 
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tilt basis for Mint tban In plasM ncpanters as blood r^lacanimt Mbstltutos. 
Furttwrwtfo, otbar analysts tovt danonstrattd that In tbt fact of a blood 
firtssurt titvatlon tbt InUrstltlim Is ^ttcttd against adt t a stvtral 
saftty factors. Qnt si^b factiK' Is tbt autortgulatlon of capillary prtssurt 
by pro- and post cftnlllary rtsistanct chains (Ltonard «id Abbrtcbt, 1973). 
Anotbtr factor Is tbt norsally low com>11anct of tbt tissut spacts, preventing 
large qiwintltlts of plauui fron entering tbe tissues until capillary pressures 
rise significantly (Guyton et al., 1975). Jhoor safety factors apply only to 
tbe non-renal capillaries Md not to filtration through tbe glonerular 
capillaries (I.e.. urine fomatlon)* a process idilcb proRiotes additional 
plasaa colloidal concentratiwi Md acts as m% a<M1t1mal safety factor. 

Tbe above argunents regarding llaltatlons of flltratlm nay be qualified 
to a degree If one considers that during «nter limerslon there Is a possi- 
bility that proteins are not perfectly filtered. That Is, there iiay be an 
additional leak of protein across the capillaries as a result of pressure 
distension effects on the capillary membrarw pores. This has been demon- 
strated, for ecample, during massive fluid Infusions (Manning and Guyton, 
1980). Such an effect would permit greater quantities of plasma filtrate to 
enter the tissue spaces. *ni1s possibility was exMlned by computer simulation 
with the results Illustrated In Figure 14, Two cases were examined: a) a 

normal water immersion simulation identical to that shown in Figure 8, and b) 
a water Immersion simulation In which protein permeability of the capillary 
uMiidirane was Increased by a factor of ten. Qualitatively, the two primary 
effects of Increasing protein permeability are a reduced plasma colloidal 
concentration and an Increased upper body Interstitial fluid volume throughout 
the period of study. (A reduction In plasma protein concentration was also 
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NOmiAL SNIIILATION — CAPILLARY PROTilN PEfUlfAtiLITY 

MCREASeO 10X NOMIAL 
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(LITERS) 


MTERSTITIAL 
FLUID VOLUME, 
UPPER BODY 
(LITERS) 
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COLLOIDAL 
OSMOTIC 
PRESSURE 
(mm Hg) 


TOTAL BODY 
WATER (LITERS) 
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— 1 1 
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1 
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SIMULATION OF WATER IMMERSION: EFFECT OF INCREASING 
CAPILLARY PERMEABILITY ON TRANSCAPILLARY FLUID EXCHANGE 


F:6URE 14 
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rtported by Grccnltaf tt a1., 1981 » In their Mater lumerslon study.) It 
should be noticed, hOMever, that only the duration and not the magn1tu<te of 
the simulated Interstitial ex{»ans1on was Increased with Increased 
permeability. This study also demonstrated that plasma volume reduction was 
nearly double for the case of Increased protein permeability, «di11e total body 
water losses were relatively similar In both cases. Taken as a «dio1e, the 
assumption of Increased protein permeability resulted In a more realistic 
simulation of the Immersion experiments of Greenleaf and co-workers 
(1980,1981). 

Blood and Interstitial Shifts to the Head 

The fluid which Is presumed to shift t^adward during the acute phase of 
hypogravic exposure consists of two components: a) blood originally pooled In 
tl» vessels (primarily veins) of the legs, and b) plasma filtrate pooled In 
the Interstitial spaces of the legs. Although these two volume shifts occur 
simultaneously (as shown previously In the simulations of water Immersion, 
Figure 8), It Is possible to evaluate their effects separately using the 
mathematical model, an analysis not possible by experimental means. 

For convenience we have assumed that one liter of fluid was shifted from 
the legs and that this amount was derived equally (I.e., 5(K) ml each) from 
vascular and extravascul ar sources. The model responses for each of these two 
volume shifts, one of Interstitial filtrate, and one of whole blood. Is shown 
in Figure 15, during a 48-hour period. In both cases, there Is a reduction In 
leg volume and body water and salts, and Increases In circulatory pressures 
and urine excretion. However, there are some basic and Important differences 
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CnCUliTORY, FLUID, ELECTIOLYTE I RENAL RESPONSES TO: 

|A) SOO Ml OLOOD SHIFT FROM LE6S ( ) 

(0) 500 m\ FILTRATE SHIFT FROM LEGS ( ) 


FIGURE 15 
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b€tMeen the t««o sinulatiwis which essentially are due to the fact that whole 
blood contains colloids and red cells while the plasna filtrate does not. 

These differences may be stmmarlzed as follows: 

a) In the caM of the filtrate shift, the original blood volume Is 
Initially expanded as leg tissue fluid enters the circulation. 
Intravascular red cells and plasma colloids are diluted by this 
filtrate. On the other hand, a shift of blood from the legs expands 
the central blood volume, but the total blood volume does not 
Initially change; neither does hematocrit, nor colloidal o«not1c 
pressure. Ttw eventual reduction In blood volum occurs only In the 
case of a blood shift Inasmuch as blood volume Is restored to normal 
following the filtrate shift. 

b) In both cases there Is a tendency for t1» excess central blood voltmie 
to be eliminated via transcaplllary filtration Into the upper body 
tissues and Into the renal tubules. However, In the case of the 
*d»ole blood shift, this results In hemoconcentratlon and an Increase 
In plasma colloids, but In the case of the filtrate shift, there Is 
no net Increase In red cell or colloidal concentration because the 
original 1m«rd shift from the legs did not contain these components. 

c) Outward filtration from the central circulation to the surrounding 
tissues Is enhanced by tte dilution of plasma colloids in the case of 
the filtrate shift and attenuated by hemoconcentratlon In the case of 
the blood shift. Thus, In tlw former case. Interstitial volimie 
Increases, but In the latter case there Is a net decrease in 
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Interstitial field. In other words , «r1th e ^re headwird hlood 
shift* the Model predicts § iMt IniN^ filtration Into the 
circulatlw) fron the body tissues (as discussed earlier In this 
report). This excess fluid Is iMKedlately excreted by the kidneys 
and, therefore, cwitrlbutes to the diuresis. Thus, the magnitude of 
the blood pressure and renal responses may be more dramatic for the 
shift In whole blood compared to ttw shift In filtrate. 

It Is, therefore, apparent from figure 15 that the resp(M)ses of blood 
volume, hematocrit, afwl Interstitial fluid are <pi1te different for tl» two 
cases studied. These differences are siamiarlzed In Figure 16. In practice, 
the total response, as shown In Figure R, is the stmi of these two Individual 
•cases. Hwever, these studies have suggested that the total response will 
depend In large measure on the total volume of fluid shifted as well as the 
ratio of flltrate/whole blood that Is shifted. These factors are undoubtedly 
different for the various hypogravic maneuvers In use today, IncliKlIng i«ter 
Immersion, head-down tilt, bed rest, and space flight, because the Initial 
stress on the legs are different. For example, total leg volime decrements 
have been reported to vary from about 500 ml during supine bed rest, to 9CK) ml 
during head-down tilt, to more than 1500 ml during space flight. Therefore, 
the acute responses of each of these stresses may be different, not because of 
some fundnsentally different reaction, but merely because of the difference In 
tlssiM fluid volume mobilized compared to that for udiole blood. Unfortu- 
nately, at the present time tl«re Is no practical means of measuring these 
differences directly. Note, however, that although the responses of the two 
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casts In Figurt 15 apptar to coAYtrgt at tht and of 48 hours, thort Is still a 
Mida divarganca In thair corrasponding valuas at tha and of six hours, the 
length of most Innartlon studies. This suggests that It nay be possible, 
using paranater astlnatlon tachnIqiMS, to assess tha flltrata/whole blood 
shift ratio by conparlng nodal and ^(parlnantal responses. 
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3.0 Discussion 




There Is no doubt that water Imierslon experiments have provided a sound 
basis on which to predict early responses to weightlessness and to study 
underlying nechanlsas. Me have tried to denonstrate how mathematical models 
and computer simulation can eoan>lement these experlawntal studies. Chianti ta- 
tive models of the renal -endocrine-circulatory systems fw^ovlde a common 
frmiiework with which water Immersion and space flight can be related. In this 
context, both water Imeerslon and the computer simulation can be cwisldered 
analogs of the weightlessness response, the former being an experimental 
analog and the latter a mathematical analog. However. Inasmuch as models (or 
analogs) are Imperfect representations of reality. It Is useful to discuss the 
limitations of both of tlwse approaches. He will discuss the stwirtcomlngs of 
water Immersion and computer models In that order. 

limitations of the Hater Immersion Analog 

There are certain facets of the water Immersion process that make this 
maneuver Inherently different from the acute response to weightless space 
flight. Some of these differences will naturally limit our ability to 
extrapolate from the one-g situations to the zero-g envirwiment. These 
limitations Include the following; 

a) Fluid Is shifted from the legs In water Immersion due to external water 
pressures. In contrast to the natural elastic tissue forces which are the 
primary drivers In weightlessness. As a result, the amount of leg 
dehydration and central hypervolemia may be difi’erent In the two 
situations. Oatwr (1971) has suggested that the degree of relative 
engorgement uf the heart and thoracic vessels In the weightless state Is 
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somtuNre bttwttn that tatn during bad rast as a lassar stimulus and that 
of water Imnarslon as the more potent stress. This Is a reasonable, but 
as yet, unproven owitentlM. In space flight. It has been observed that 
the legs lose approclmately 2 liters of fluid within several days 
(Thornton et a1., 1977). This Is a large volume relative to bed-rest 
observations and compared to normal postural changes In one g. 

Comparable values for water Inmerslon, Interestingly, do not seem to be 
available. Until more complete data are (Attained from water Immersion 
and acute space- flight periods. It will not be possible to assess their 
quantitative differences regarding the degree of leg emptying and central 
hypervolemia. 

b) Because of operational difficulties and subject discomfort, water 
Inmersicm has been most frequently used for experiments lasting less than 
about six hours, ^ort-term Immersion should only be considered a 
reasonable approximation to similar periods of weightlessness (Howard et 
al., 1967). Therefore, longer term effects of weightlessness cannot be 
easily studied using the Immersion technique. 

c) Most workers Immerse their subjects to the level of the neck In a sitting 
position, although other configurations (I.e., lying, standing, sitting 
In a reclining chair) are used. Inasmuch as the depth of the immersed 
tissues determines the hydrostatic forces which shift fluids toward the 
central circulation. It Is often difficult to quantitatively compare 
different water Immersion studies when the body posture varies. 
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d) ImMPtlng • sutij«ct to ttie nock or chin rosults In negative pressure 
breathing because the ferce werted by the water on the surface of the 
body has no counterbalance In the airways. Negative pressure breathing » 
or the positive pressure breathing equipment used to counteract this 
effect, may Interfere with all the circulatory, renal, and hormonal 
responses that are under exam1nat1c/n (Epstein, 1978). 

e) During Imeerslon, there Is a marked decrease In evaporative water loss. 
While this simplifies the interpretation of water balance and renal 
alteratiMS (e.g., the predominant route for fluid losses Is via the 
kidney). It <toes not permit exact extrapolation of renal responses to the 
weightless condition In which skin losses are a significant fraction of 
overall water balance. The total quantity of urine voided during 
Immersion might, therefore, be expected to be someidiat higher than that 
achieved during weightlessness, assuming all other parameters were 
Identical, because the kidneys are the major avenue of water loss In the 
former case. 

f) The pressure on tiM walls of the thorax from the hydrostatic forces of 
water external to the body Is an effect that Is not present In 
weightlessness and can lead to higher Intrathoracic pressures than would 
be observed In tpace flight. This transthoracic pressure gradient and 
compression of submerged tissues Is probably responsible for the 
sustained hyperkinetic c1rculat(K‘y state reported during Immersion 
studies (Begin et a1., 1976; ftehn et al., 1969). As a result, Immersion 
may lead to a larger reduction In blMd volume than would be expected In 
zero g md a Msking of any reflex relaxation effects of peripheral 
capacitance vessels (Nixon et al., 1979). 


49 


Lliilf tioiit Of tin CauPMttf smulitlow 

Thtst sliMlitlofis did not considtr tht offtctt of tvoporitlvo Mittr lots, 
idilch art rtductd to a mlnlimai during lamortlon. Nolthar did thty account for 
a difftrtnct In tilt dtgrtt of fwaduard fluid shift bttuttn tlw tgrdrattd and 
dthydrattd casts* It can bt arguad that tht magnltiidt of tlw fluid shift froii 
tht lags In rtsnonst to lantrslon Mould bt lass In prtvlously dahydratad 
subjacts cosgarad to Mali hy<1r'<tad subjacts. Tha dlvargai^ In tha thaorat- 
Ical rasgonsa batMaan hydratad and dahydratad casts would ba axgactad to ba 
avan Mora narkad If thasa factors Mart considarad In tha simulation. 

Savaral quastiwis wer^ ralsad as a rasult of tha slmilatlon studlas Which 
suggast althar modification of tha mcKlal or a mm^ datallad «cam1nat1on of tha 
■watar Immarslon rasgonsa. For axamgla* tha modal conslstantly exhibits a 
strimgar dlurasls rasgonM as a rasult of Immarslon than Is shown by human 
subjects* Exgarlmantal results also suggast a graatar dissociation batwaan 
tha Immersion diuresis and natrlurasis rasponsas than Is Indicated by tha 
modal. In addition* significant diffaraheas In urine flow batwaan tha 
normally hydratad and dahydrat^^ cases are observed In tha modal over a 
24>hour period* but not during tha first faw hours of Immarslon as has bean 
shMn axparlmantally. It Is not clear just which renal elamants In tha tmxtel 
require modification. Roth tha model's propensity for producing a pressure 
diuresis* and tha alamantary form of tha algorithm describing natriuretic 
factor ralaasa should ba raaxamlned. 

Another area of disag raaman t Involved tha failure of tha modal to 
damonstrata tha magnitude of central venous pressure changes as shown 
axparliMMitally. Ilia tentative conclusion reached In this study was that a 
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rtt¥t1uit1on of tilt ctpoflMRtil vtooui prttturt rosiiontt Is wirraotod, 
tsptclally oxtond1fi9 tho ptrlod of «t|MHaiofitt1 study boyond 3 liours. Also, 
tho offocts of •xtfPfial Mitor prtssurt on tbt thorax nttd to bo accounttd for 
In tho laodol • 

Tho simulations daaonstratod that tho role of volume control of AHN needs 
to be reassessed with regard to dynamic behavior of atrial pressure, adapta- 
tion of the volume receptori, and relative sensitivities of AflH to plasma 
osmolarlty versus central venous pressure. Finally, the role of transcapll- 
lary filtration control In plavaa voIwm regulation during Immerslcm «ms not 
shown by the model to have the Importance ascribed by some Investigators. 
Additional experlaMntal findings are necessary to evaluate this model 
prediction. Including the suggestion that the transcaplllary permeability to 
plasma proteins is Increased during water Immersion. 
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4.0 cmcLmm 

Atidt frm tlw llnltatlont dlscytitd abOYt, ttim ttudltt, axparlmaiital 
at wall at thaofttlcal* liavt promd valyabit for uodorttafidliig tha natura of 
tha thort«tam raspoota to tba fluid radlttrlbutlon of Hfpogravlty. ft hat 
boon daooftttratad that a iiathaoatlcal modal , batad on urrant concapts of 
fluid vcluma rap ul it Ion. can slmulata dynamic ratpontat to water lanartlon. 
and by Infaranca. tha acuta affactt of walghtlats tpaca flight. 

A modal, onca valldatad. bacomas a rataarch tool for tubjacting 
particular ratpontat to datallad tcrutlny and tatting hypothatat that might ba 
diffficult to mparlmantally avaluata. In thit analytit. for oKampla. It mat 
pottibla to ttttdy tha diffarancat batwtan tha hydratad and dahydratad 
ratpontat. to dittingulth batwaan tha changat In Intarttitlal fluldt of tha 
lowar and uppar body, to taparata <Hit tha affactt of 1ntra¥atcular and 
axtravatcul ar haadward fluid thiftt. «id to axmalna tha otmolarlty vt prattura 
ragulatlon of MM. Mott of theta Istuat have not yat baan adequately 
addrattad. either dicing Mtar Imaarslon. or dirIng tpaca flight. TIm ratultt 
of thit ttudy can. tharafora. ba applied to predicting tha range of ratpontat 
during future tpaca-fllght ttudlat. 

Soma of tha more tignificant acuta maaturamantt which are curr^tly 
planned for Shuttle Spacalab rataarch Include vanout prattura. cardiac output, 
platma endocrine level t. renal claarancat and excretion ratat.. m6 platma 
volume. Tha currwtt ttudy hat provided a theoretical batit for Interpreting 
theta data, once It hat bam collected. In additim. fu^lctlont of tha mo<hil 
for each of tha mott tignificant phytlological quantitlat of Interett have 
bam doctiaantad. In certain catat, hcn^var. It mat damonttratad that tome 
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ttfictrtalAty «t1sU rtgaHIng ttw «tp«ct«d ftsults. Ttiys, special 

attefttlofi was devoted to ttie effects of deliydratlOR on tlie renal response, ttie 
variability In ven^ pressure responses, ^ possibility of altered 
transcaplllary protein peroeablllty* and alternative responses of ADN. As a 
result of the analysis, one cm predict that a diuresis In space flight should 
be observable during the first several hours of flight. The probability of 
deaonst rating this res|»nse decrease^ as objects becone dehydrated, as their 
fluid Intake dlnlnlsl^, aiwi/or If urine voids are pooled during the first 24 
hours. 
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APPENDIX 




DESCRIPTION OF THE MDOEL DF CIPCttlATORY. FUllD. 
AND ELECTROLYTE RE6UUT10N 


Th« mathciiatlcal mo<ie1 anployed In this project was originally developed 
by Guyton and co-workers (Guyton et a1., 1972) as a representation of overall 
circulatory regulation. However, an understanding of circulatory dynanics 
also requires a cpiantitative assessnent of «any other complex and Interrelated 
systems. Therefore, this model ccwitalns descriptions of about 18 major 
subsystems, shoim In Figure A-1, each describing some Important i^yslologlcal 
aspect of circulatory, fluid, and electrolyte control. 

The fluid system of the model Is divided Into four major compartments: 
blood. Interstitial, Intracellular, and pulmonary fluid. Exchange of fluids 
(water and proteins) and electrolytes (extracellular sodium and Intracellular 
potassium) occurs betiraen compartmnts via diffusion, active transport, 
transcaplllary exchange, or lymph flow. A complex algorithm of rmal ftwictlon 
permits a realistic description of fluid volume and electrolyte regulation. 

It Is titese features which permit simulation of such stresses as fluid and 
salt loading and water Immersion. The circulation Is subdivided Into seven 
compartments composed of arteries, veins, heart chambers, and Itxtg se^ents. 
Heart function Is represented by basic cardiac function curves modified by the 
effects of autonomic stimulation, arterial pressure afterload, and 
hypertrophy, or deterioration of the heart. 
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Most of tMi abovt charactorl sties of the mnlel can be vl^^ed as the 
controlled systen (see Fifures A-1 and A*2), iMtlle the controlling systen 
consists of three Major coa^nents - local control, horsional control, and 
autonoMic control (see Figures A-1 and A-3). The Inclusion of such elements 
as hormwal s^tabolISM, autoregulatlon, baroreceptor adaptation, 
erythropolesis control, protein formation and destruction, venous stress 
relaxation, and cardiac conditioning factors clearly Indicate that the Guyton 
model Mas developed to study long-term adaptive respwises. 

The model's complexity precludes an easily understood detailed pictorial 
representat1(xi of Its entire system (White, 1973). However, an example of the 
relationships embodied In the model for controlling aspects of extracellular 
ami circulatory disturbances Is Illustrated In Figure A-3. The responses of 
the model to water Immersion, described In this report, are based largely on 
tiM elements shown in this diagram. Including hemodynamic, hormonal, and 
autonomic control of renal excretion and, by feedback compensation, blood 
volume and pressure. 

In addition to water Immersion, many varied experiments have been 
simulated with this model. Including Infusions of water, electrolytes, and 
plasma, congestive heart failure, loss of kidney function, nephrotic 
proteinuria, and angiotensin Infusims. Some Important modifications were 
performed to permit the model to respond appropriately to gravity-dependent 
stresses. Including orthostasis and weightlessness ((Leonard and Grounds, 

1977; White, 1974; Leonard et al., 1978). These modifications Included 
gravitational hydrostatic gradients, additional leg compartments, and Improved 
subsystmns for erythropolesis, hormones, autonomies, and local circulatory 
control . 
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CIRCULATORY DYNAMICS. FLUID AND ELECTROLYTE BALANCE MODEL 
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FIGURE A-2 
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